A 13C NMR study of the Mn2+ · bleomycin complex  by Sheridan, Robert P. & Gupta, Raj K.
Volume 134, number 2 FEBS LETTERS November 1981 
A 13C NMR STUDY OF THE Mn2+ - BLEOMYCIN COMPLEX 
Robert P. SHERIDAN and Raj K. GUPTA 
Institute for Cancer Research, Fox Chase Cancer Center, Philadelphia, PA 19111, USA 
Received 2 September 1981 
1. Introduction 
The glycopeptide antitumor antibiotic bleomycin 
(Bleo) is used in the treatment of a variety of human 
tumors [l]. A metal ion cofactor may be necessary 
for its antitumor action. In vitro the Fe” . Bleo com- 
plex in the presence of O2 causes backbone cleavage 
of DNA [2,3]. 
The covalent structure with correct stereochemistry 
[4] ofthe most abundant bleomycin species (Bleo-A2) 
is shown in fig.1. Fluorescence and ‘H NMR studies 
Fig.1. The covalent structure of Bleo-A2 showing the correct 
stereochemistry. Residues are indicated by Roman numerals: 
I, @-aminoalanine; II, pyrimidlnyl propionamide; III, p-hydrox- 
yhlstidine; IV, methyl valerate; V, threonine; VI, bithiazole; 
VII, dimethylsulfonium; G, gulose; M, mannose. 
[S-lo] have shown that the bithiazole (residue VI) 
and dimethylsulfonium residues (VII) of both metal- 
free and metal-bound Bleo-A2 interact with DNA. 
How the rest of the molecule interacts with the metal 
ion is currently an active area of investigation 
(reviewed in [ 1 I]). Atoms from residues I, II and III 
have been most usually proposed as ligands for a vari- 
ety of metals [lo,1 2-251. 
Nuclear magnetic relaxation studies permit the 
observation of selective effects of a paramagnetic 
center on specific atoms and allow one to estimate 
relative metal-to-nucleus distances. A 13C NMR study 
of the Fe’+ . Bleo complex [ 121 used the paramag- 
neticeffectsof Fe2+to calculate thedistance tonearby 
protonated carbons. However, since Fe” enhances 
nuclear relaxation rather weakly, only the nearest car- 
bons (55 A) exhibited a measurable effect. In [23] 
we studied the effect of Mn2’ on the ‘H NMR of the 
Bleo molecule. Mn*+, which exerts a larger paramag- 
netic effect on nuclear relaxation, allows the detection 
of paramagnetic effects on nuclei at moderately large 
distances. This work indicated that the DNA-binding 
site of bleomycin, residues VI and VII, are located 
spatially close to the metal. However, the coordina- 
tion sphere around the metal remained ambiguous 
and no detailed information about the overall confor- 
mation of the molecule was available. 
Here, we describe the effect of Mn” on the natural 
abundance 13C NMR spectrum of bleomycin, espe- 
cially with regard to the intensities of resonances of 
the protonated carbon atoms. We relate the results 
from our 13C data with those of ‘H data taken under 
similar conditions and draw conclusions about the 
relative metal-nucleus distances. 
2. Materials and methods 
Lyophilized Blenoxane (70% Bleo-A2,30% other 
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bleomycins), generously provided by Bristol Labs, was 
dissolved in Ha0 (or DzO) and the concentration 
measured spectrophotometrically. r3C and ‘H NMR 
spectra were recorded at 25°C using a Varian XL200 
FT NMR spectrometer. The 13C spectra were proton 
noise-decoupled and the samples contained -80 mM 
bleomycin (pH 7.4) 100 mM KC1 and -20% D20 to 
provide the deuterium lock signal. Samples for ‘H 
NMR contained -20 mM bleomycin (pH 7.4 in DzO) 
and 100 mM KCl. MnCl* was added to obtain the 
desired final concentration. We examined apparent 
resonance peak amplitudes as a function of [MnClJ. 
Dipolar interactions of the 13C or ‘H nuclei with the 
unpaired electrons of high-spin Mn2+ cause paramag- 
netic broadening which is an inverse function of the 
sixth power of the metal-nucleus distance. Also con- 
tributing to the loss of resonance intensity is the 
quenching of the nuclear Overhauser effect as Tr-val- 
ues of the r3C resonances are shortened by paramag- 
netic interaction. 
3. Results 
The 13C NMR spectra of bleomycin at 50 MHz in 
the presence of several evels of Mn” over 0- 12 mM 
are shown in fig2A and 2B. Our resonance assign- 
ments follow those in [26] and the titration data in 
[27]. Only the resonances of Bleo-A2 are studied. We 
confme our discussion to the resonances corresponding 
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Fig.2. (A) The 50 MHz r3C spectra of Blenoxane (pH 7.4 at 25” C) in the presence of increasing amounts of MnCl,. High field res- 
onances are shown. Assignment of resonances to protonated carbons in Bleo-A2 are indicated: (X indicates resonances of other 
bleomycins). Spectral parameters were: recycle time, 0.8 s; number of scans, 4000; line broadening, 5 Hz. The sample contained 
-80 mM Bleo, 100 mM KCl. From top to bottom, the samples contained 0,2,6 and 12 mM total MnCl,. (B) Low-field protonated 
“C resonances of Blenoxane. These were taken from identical samples under conditions identical to those in (A). 
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to the protonated carbons. (Non-protonated carbons 
are technically more difficult to study since their T1- 
values are characteristically long in the absence of 
Mn*+ and therefore their resonances are substantially 
saturated at the pulse recycle times used.) Only one 
protonated carbon (VIICH3) appears partly saturated 
in the absence of Mn” due to its relatively long T1 
[ 121. The 13C resonances which exhibit the greatest 
loss in intensity with gradual increase in [Mn2+] are 
IICH2, ICH2, IICH, ICH, 1112 and 1114. In other 
words, they are the ones that are affected most at the 
lowest levels of added MnClz (fig.2A,2B). Somewhat 
higher levels of Mn*+ are needed to observe appreciable 
effects on IICH3 (fig2A), and even more to see simi- 
lar effects on MS, VI5 and VI5’ (fig2B). Among the 
last peaks to be affected by Mn2+ are those of residue 
VII and the remaining carbons of residue VI. 
The ‘H NMR spectra of bleomycin with and with- 
out added Mn*’ are shown in fig.3. Assignments are 
from [28]. The protons VI5 and VU’ are affected the 
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Fig.3. The 200 MHz ‘H NMR spectra of Blenoxane (pH 7.4 
at 25°C in D,O) in the presence of increasing amounts of 
MnCl,. Assignments of important protons are indicated. Spec- 
tral parameters: recycle time, 10 s; number of scans, 4; line 
broadening, 1 Hz. The sample contained -20 mM bleomycin, 
100 mM KCl. From top to bottom, the samples contained 0, 
1,2 mM of total MnCI,. 
most, followed by 1112 and 1114, in the presence of 
Mn2+. IICH3 and the overlapped resonances of 
IVcrCH3, IVyCH3, and VCH3 are next to be affected. 
The least affected is VIICH3. These qualitative obser- 
vations of relative magnitudes of paramagnetic effects 
on proton resonance broadening are consistent with 
reported T,-values for the Mn*’ Bleo complex at 
pH 8 [23]. Comparative studies of Mn” . Bleo at 
pH 7 2 and 8 .l show that the Mn*‘-induced paramag- 
netic effect on VI5 and VI5’ proton resonances 
becomes relatively greater at higher pH-values, while 
other resonances are essentially insensitive to pH. 
Additional studies as a function of temperature 
(R. P. S., R. K. G., unpublished) show that 1112 and 
1114 protons show a nearly 2-fold increase in paramag- 
netic effects with an increase from IS-55”C, although 
the magnitude of paramagnetic effects on these pro- 
tons is less than that on VI5 or VI5’ and the latter 
show only a small and opposite temperature depen- 
dence, consistent with the condition of fast exchange. 
All other resonances also show much smaller temper- 
ature effects. 
4. Discussion 
The relative decreases in resonance amplitudes due 
to paramagnetic effects of Mn2+ should reflect the 
relative distances of the corresponding nuclei from 
the metal. The strongest effects on ICH, ICH2, IICH 
and IICH2 carbons are consistent with the primary 
and the secondary amines as metal ligands, whereas 
that on IICH3 carbon is consistent with the ligation 
of the pyrimidine Nl The larger effects on 1112 and 
1114 carbons than on IlCH3 carbon show that the 
former are closer to metal than the latter, and imply 
a close approach of imidazole to the metal. The C-ter- 
minal residue (VIICH3) is relatively far from the 
metal. These results, so far, are consistent with con- 
clusions based on ‘H NMR studies of the active Fe*’ . 
Bleo [ 12,291. This may be corroborative evidence 
that the interaction sites for Mn2’ and the Fe2’ share 
at least some of the same ligands. 
Two important points remained unresolved, how- 
ever: 
(1) The disposition of the bithiazole moiety: Our ‘H 
NMR results at pH 8 [23] and these results at 
pH 7.4 show that the protons on VI5 and VI5’ 
are located spatially close to Mn’+. On the basis 
of the proton data alone we could not distinguish 
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(2) 
between a mere close approach of these protons 
and a direct coordination of bithiazole, since the 
protons were close enough to be consistent with 
either possibility. However, the 13C data on 
Mn*+ . Bleo indicate that the carbons at VI5 and 
VI5’ are moderately far from Mn*‘. We therefore 
conclude that the bithiazole rings are not likely 
to be coordinated, but instead the rings are ori- 
ented with the protons pointed toward the Mn*+ 
atom and the putative nitrogen ligands away 
from the metal. A close approach of bithiazole 
moiety to the metal may also occur in Fe*’ . Bleo 
and is not necessarily ruled out by the small but 
non-zero paramagnetic shifts of bithiazole pro- 
tons observed in that complex [29] since these 
small shifts, being absent in the Zn*+ complex, 
are probably pseudocontact in origin. A close 
approach without coordination may not produce 
an especially large shift, 
Our ‘Hand r3C NMRdata on III2 and 1114 nuclei 
show that the imidazole ring protons and carbons 
are as close or closer to the metal than the pro- 
tons or carbon of IICH3. Moreover, the 13C data 
show these ring carbons to be closer than III& or 
III& The ring is thus closer to the metal than the 
backbone of residue III. However, whether the 
imidazole is actually coordinated remains unset- 
tled. Our distance calculations at pH 8 [23] sug- 
gested that the proton distances were probably 
too large to be consistent with direct coordination 
of imidazole in Mn*+ . Bleo. However, the tem- 
perature dependence of paramagnetic effects on 
the imidazole proton resonances which become 
broader with increasing temperature suggests a 
temperaturedependent disposition of imidazole 
protons with respect to the metal. The possibility 
of exchange-limited relaxation of imidazole pro- 
tons is unlikely because the bithiazole protons 
show a much larger broadening effect and a small 
opposite temperature dependence. This situation 
would be explainable in terms of coordination, 
only if strained, temperature-sensitive, Mr?+ . 
imidazole bond exited. Some doubts were also 
raised about the coordination of imidazole in 
Zn*+ . Bleo [20,27]. 
The paramagnetic shift data on Fe’+ . Bleo [29] 
also suggested a possible coordination of the valerate 
residue by the P-OH or carbonyl group. Our data on 
the resonances of IVcr, Ivy, IV&H3 and IVyCH3 
carbons, however, show that these carbons are at a 
moderately large distance in the Mn*+ . Bleo complex. 
A similar point might be made about the mannose 
group, which was suggested to be coordinated via 
amide group in Zn*+ . Bleo [5] and Fe*+ . Bleo [29]. 
The only carbon of mannose that we can observe in 
Mn*+ . Bleo as making a close approach to the metal 
is M5. M4 and M6 are moderately far from Mn*+. 
Although the resonance of M3 overlaps with that of 
IV/.$ it seems that no large broadening is evident. 
Six metal-ligands had been implicated in the Fe*+ . 
Bleo complex based on paramagnetic shift data [29]. 
These are o-amino groups, secondary amine, pyrimi- 
dine, imidazole, mannose and valerate moieties. 
However, a problem with this model is that oxygen 
binding to the Fe*+ . Bleo complex will require septa- 
coordination or energetically unfavorable displace- 
ment of a ligand by 02. We are able to positively 
implicate only the first 3 of the above groups as 
ligands in Mn*+ . Bleo. Imidazole does approach 
closely, but may not be a strong ligand. There is no 
evidence in our data for mannose and valerate as 
ligands. At least one of the ligands of Mn’+ must be 
a water molecule since Mn*+ . Bleo shows a large 
relaxivity towards water protons [23]. 
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